Optimal water allocation within a river basin still remains a great modeling challenge for engineers due to various hydrosystem complexities, parameter uncertainties and their interactions. Conventional deterministic optimization approaches have given their place to stochastic, fuzzy and interval-parameter programming approaches and their hybrid combinations for overcoming these difficulties. In many countries, including Mediterranean countries, water resources management is characterized by uncertain, imprecise and limited data because of the absence of permanent measuring systems, inefficient river monitoring and fragmentation of authority responsibilities. A fuzzy-boundary-interval linear programming methodology developed by Li et al. (2010) is selected and applied in the Alfeios river basin (Greece) for optimal water allocation under uncertain system conditions. This methodology combines an ordinary multi-stage stochastic programming with uncertainties expressed as fuzzy-boundary intervals. Upper-and lower-bound solution intervals for optimized water allocation targets and probabilistic water allocations and shortages are estimated under a baseline scenario and four water and agricultural policy future scenarios for an optimistic and a pessimistic attitude of the decision makers. In this
Reference [20] proposed a scenario-based multistage stochastic programming model for water supplies planning from highland lakes. A number of inflow scenarios are explicitly taken into account in order to determine a contract for water delivery in the coming year. In general, multistage stochastic programming (MSP) approach permitted modified decisions in each time stage based on the real-time realizations of uncertain system conditions [8, 21] .
SP cannot handle randomness in the right-hand-side parameters. However, chance-constrained programming (CCP) method can deal with this type of uncertainty. It can reflect the reliability of satisfying (or risk of violating) system constraints under uncertainty [22, 23] . Reference [24] used a CCP model for reservoir systems planning of irrigation districts. Reference [23] developed an inexact CCP method for assessing risk of violating system constraints, in which uncertainties are expressed as probabilities and intervals. Reference [25] presented a mathematical programming model for the reservoir capacity planning under random stream inflows. Based on the CCP method it considers a special target-priority policy based on given system reliabilities. Reference [26] developed a stochastic model for optimal multi-period operation of a multi-reservoir system for a basin operating under a conjunctive use of ground and surface water framework, with uncertainties in the inflows dealt using CCP method. However, TSP and CCP have difficulties in dealing with uncertain parameters when their probabilistic distributions are not available [13] . Moreover, the increased data requirements for specifying the parameters' probability distributions may affect their practical applicability [1] .
Uncertainties may be also related to the incompleteness or impreciseness of observed information [27] . This type of uncertainty, expressed as fuzziness, cannot be handled by SP but by fuzzy programming (FZ). FZ can deal with decision problems under fuzzy goal and constraints and ambiguous and vague coefficients not only in the objective function but also in the constraints [28, 29] . Reference [30] used FZ method in order to optimize a multi-reservoir system, expressing the uncertainties in reservoir inflows as fuzzy sets. Reference [31] introduced a fuzzy compromise approach for water resources planning under imprecision uncertainty. Reference [32] proposed an interactive fuzzy approach for planning a stream water resources management system including vague and imprecise information. Reference [1] proposed a multistage fuzzy-stochastic programming model for water-resources allocation and management with uncertainties expressed as probability distributions and fuzzy sets.
Interval parameter programming (IPP) can handle uncertain parameters expressed as intervals with known lower-and upper-bounds, without any distributional information that is always required in fuzzy and stochastic programming [33] . However, in many real-world problems, the lower-and upper-bounds of some interval parameters can rarely be acquired as deterministic values [10, 11] . Instead, they may often be provided as subjective information and therefore defined as fuzzy sets. This drives to dual uncertainties that cannot be addressed through the conventional IPP and FP methods. Hybrid approaches that link IPP with FP have been proposed for handling this combined type of complexities. However, these combined approaches have difficulties in tackling uncertainties expressed as random variables [34] . Additionally, a linkage to economic consequences of violated policies preregulated by authorities through taking recourse actions in order to correct any infeasibility is missing.
Therefore, in case of multiple uncertainties expressed at various and complex formats, one possible approach is to build hybrid modeling techniques combining IPP, FP and SP. In [12] , a violation analysis approach has been developed for planning water resources management system associated with uncertain information, based on a fuzzy multistage stochastic integer programming model within a scenario-based frame. However, by using such a scenario-based approach, the resulting multistage programming model could become too large when all water-availability scenarios are considered. In [1] , a multistage fuzzy-stochastic programming method has been developed dealing with uncertainties presented as fuzzy sets and probability distributions by employing vertex analysis and generating of a set of representative scenarios within a multistage context. The same problem due to the scenario-based approach is also here identified. Reference [13] developed a two-stage fuzzy-stochastic programming method for planning water resources allocation of agricultural irrigation systems. Also in this case a scenario-based approach sets limitations when the study system is very large and complicated. In reference [14] , a method is developed for tackling multiple uncertainties through integration of stochastic dynamic programming, fuzzy-Markov chain, vertex analysis and factorial analysis techniques. It may have, though, computational (among others) difficulties to handle many other uncertain parameters (such as interval or dual-probabilities) that exist in large-scale practical problems. In [15] , an optimal water allocation method is proposed incorporating techniques of interval-parameter programming and fuzzy vertex analysis within a fixed-mix stochastic programming framework to deal with uncertainties presented as probability distributions and dual intervals. In this study, only one reservoir is considered for all subareas and crops, in order to enable the use of linear programming method. Reference [16] presented an interval-fuzzy De Novo programming method for planning water-resources management systems under uncertainty, mainly useful for designing an optimal system rather than optimizing a given system.
In the present work, an optimal water allocation method under uncertain system conditions is explored for the Alfeios river basin in Greece. Alfeios is a water resources system of great natural, ecological, social and economic importance for Western Greece, since it has the longest watercourse and highest flow rate in the Peloponnese region [35] [36] [37] . The main water user in the basin is irrigation, playing a vital social, economic and environmental role associated among others with agricultural income and with water, food and energy efficiency. The other water-use sectors are hydropower generation and drinking water supply. As analyzed in [38] , in Alfeios river basin, as in most Mediterranean countries, water resources management has been focused up to now on an essentially supply-driven approach. Authority responsibility relationships are fragmented and law enforcement and policy implementation are weak, facts that lead to the difficulty of gathering the necessary data for water resources management or even worst to data loss. In some cases, river monitoring, which is crucial for water quantity and quality assessment, if present, is either inefficient with intermittent periods with no measurements, or due to low financial means the monitoring programs are short and undertaken by a small number of personnel leading to unreliable or/and short-term data. In this case some sources of obtaining hydrologic, technical, economic and environmental data required for water resources management is by making additional periodic measuring expeditions, indirectly by expert knowledge, by informal knowledge by the local population, or by more general data concerning a wider geographical location (i.e., country level) from national, European or international databases. Data of this type with a high degree of uncertainty may be easily defined as fluctuation ranges, and therefore, simulated as intervals with lower-and upper-bounds, either as deterministic or fuzzy, without the need of any distributional or probabilistic information.
This work is the second part of two papers, both aiming at analyzing and applying two similar in terms of their basic concepts optimization techniques for optimal water allocation under uncertain system conditions in a real and complex multi-tributary and multi-period water resources system, the Alfeios river basin. The first method is an inexact two-stage stochastic programming (ITSP) as developed by [6] . The second methodology, described and discussed in this paper, extends the ITSP in order to take into account fuzzy instead of deterministic boundaries for the variables, which are expressed as intervals, since some intervals are fuzzy in nature. This fuzzy-boundary interval-stochastic programming (FBISP) method proposed by [2] is selected. This algorithmic process is advanced including two different solution methods in order to take into account different risk attitudes of decision makers concerning system uncertainties. In [2] , the uncertain random information of the water inflow is modeled through a multi-layer scenario tree having the limitation of resulting in too large mathematical problem to be applied to large-scale real-world problems. Additionally, this approach is not capable to incorporate the persistence in hydrological records and to take into consideration conditional probabilities for quantifying water availability, which are important in many real-world cases. In this work, in order to overcome these difficulties, the system dynamics related to random water inflows are reflected through the consideration of the various equal-probability hydrologic scenarios that have been stochastically generated simultaneously at multiple sites of the river basin. A thorough description of this proposed change in the methodology of [2] is provided in Section 2.1.
The results obtained from this methodology include (a) the optimized water-allocation target with a minimized risk of economic penalty from shortages and opportunity loss from spills; and (b) an optimized water-allocation plan (identification of water allocation and shortages based on the optimized water allocation targets) with a maximized system benefit over a multi-period planning horizon. These types of results are derived as fuzzy-boundary intervals. The total net system benefits and the benefits and penalties of each main water uses for the Alfeios are studied and analyzed based on the application of the FBISP method for a baseline scenario and four water and agricultural future scenarios developed within the Sustainability of European Irrigated Agriculture under Water Framework Directive and Agenda 2000 (WADI) project [39] [40] [41] [42] . These future scenarios cover various possible technical, environmental and socio-economics aspects of the future space for different European Union (EU) water and agricultural policies, having an impact mainly on agriculture and also on water resources management. Changes on crop patterns, yields, subsidies, farmer income, variable input costs, market prices per agricultural product, fertilizers, and water and hydropower prices are some of the variables described into the narratives of these scenarios, which in turn serve as inputs into the optimization algorithm for the evaluation and the estimation of their effect on the water allocation pattern and the system benefits. Finally, for applying the above mentioned optimal water allocation methodology, benefit analysis of each water use identifying the unit benefit and unit penalties of each m 3 of water allocated to each one of the water uses has been undertaken for the Alfeios River in [38] .
The paper is organized as follows: Section 2 includes the presentation of the mathematical background of the FBISP as provided in [2] . In Section 2.1, the limitations of the applied methodology and the proposed by this study changes are analyzed in details. Section 3 describes shortly the Alfeios river basin and the formulation of optimization problem for the Alfeios hydrosystem. The steps of this process and the used software programs are presented schematically in the form of a flow chart in Section 3.2. Section 4 analyzes in brief the WADI future scenarios. Section 5 presents the results and their interpretation and finally, Section 6 discussion and conclusions.
Mathematical Formulation of the FBISP Method
In the present work, a FBISP methodology as developed by [2, 43, 44] is employed for optimizing water allocation under uncertain system conditions in the Alfeios river basin in Greece. The used methodology is based on the combination of three optimization techniques: (a) the multistage-stochastic programming; (b) the fuzzy programming (employing the vertex analysis for fuzzy sets) and (c) the interval parameter programming. Each technique has a unique contribution in enhancing the model's capability of incorporating uncertainty presented as multiple formats. Its theoretical and mathematical background of the model and its parameters is presented below based on [2] , but for simplicity reason the terms, referring to the variables with negative coefficients, are not included into all equations and inequalities, since they are absent from the examined application to Alfeios river basin. The complete mathematical model including also these terms with negative coefficients can be found in [2] .
In the FBISP model, assume that there is no intersection between the fuzzy sets at the two bounds (e.g., let ). This is due to satisfy the definition of an interval value that its lower-bound should not be larger than its upper-bound [5] . Secondly, interval numbers are used to express uncertainties without distribution information. If the fuzzy sets of an interval's lower-and upper-bounds intersect, then the so-called "interval" is actually described by fuzzy membership functions, such that the interval representation becomes unnecessary [45] . Thirdly, if the fuzzy sets of an interval's lower-and upper-bound intersect, the interactive algorithm for solving the interval-parameter programming problem cannot be used for solving such a FBISP model. Then, two solution methods are proposed for solving the FBISP model, which are based on an optimistic and pessimistic approach of the uncertainties by the decision makers, respectively. In the first solution methods (i.e., optimistic or risk-prone), a set of submodels corresponding to can be first formulated based on the interactive algorithm; for each submodel, take one end point from each of the fuzzy intervals (i.e., [ , ] , [ , ] and [ , ] ); then, the obtained end points can be combined into an n-array, leading to 2 combinations for n fuzzy sets [9, 46] . Through solving 2 problems, a set of upper-bound objective-function values ( , , … , ) can be obtained. In detail, for each α-cut level, a set of submodels can be formulated as follows (assume that the right-hand sides and objective are both greater than zero):
subject to: Through solving 2 submodels, a set of values ( , , … , ) can be obtained. Let be the minimum value of the upper-bound (for the objective-function value) with = ( , , … , ), and be the maximum value of the upper-bound with = ( , , … , ) . Then, the optimized upper-bound interval for the objective function value (under an α-cut level) can be identified as follows:
Based on the solutions from the first set of submodels, submodels corresponding to can be formulated as:
subject to:
where ( = 1, 2, … , ) , ( = + 1, + 2, … , + ) , ( = 1, 2, … , ) and ( = + 1, + 2, … , + ) , are solutions corresponding to . Through solving 2 deterministic problems, a set of values ( , , … , ) can be obtained. The optimized lower-bound interval for the objective-function value (under an α-cut level) can be identified as follows:
where is the minimum value of the lower-bound (for the objective function value) with = ( , , … , ) ; is the maximum value of the lower-bound with = max( , , … , ). Then, through integrating the computational results of the two sets of submodels, the solution for the objective function value (under an α-cut level) can be obtained. Iteratively, the computational process can be repeated with the other α-cut levels. The above optimistic solution method identifies the solutions for the first-stage and recourse decisions variables by first solving the best-case submodel (i.e., upper-bound objective function value when the problem is to be maximized). This includes the upper-bound system solution for total benefit, which is associated with more advantageous (more favorable) conditions. In example, this is related to the upper-bound benefit coefficients, lower-bound cost coefficients, upper-bound reservoir capacities, lower-bound reserved storage requirements, etc. The resulting solution can provide intervals for the objective function value and decision variables, and can be easily interpreted for generating decision alternatives.
However, this solution method may provide a wide-ranging objective function value because significant (and costly) first-stage and recourse decisions are required under unfavorable conditions (represented by worst-case parameter values) [47] . Consequently, another solution method based on risk adverse is proposed for solving the FBISP model to reduce the interval width of the objective-function value, in which the worst-case submodel (i.e., corresponding to the lower-bound objective function) can be first solved to identify a more appropriate set of first-stage and recourse decision variables. In this case, the interval for the objective function value is narrower, but it may lead to increased opportunity loss, being incapable of achieving the highest benefit under advantageous conditions. Thus, we have:
Through solving 2 deterministic problems, a set of values ( , , … , ) can be obtained. The optimized lower-bound interval for the objective-function value (under an α-cut level) can be identified as follows:
In the second solution method, characterized as risk adverse and corresponding to the worst-case solution, the previously described process is reversed so that the lower-bound submodels are solved first, and their solution is integrated into the upper-bound formulation of the problem, which is solved in the second step. Based on the solutions from the first set of submodels, submodels corresponding to can be formulated as:
where ( = 1, 2, … , ), ( = 1, 2, … , ) are solutions corresponding .
Through solving 2 submodels, a set of values ( , , … , ) can be obtained. Then, the optimized upper-bound interval for the objective function value (under an α-cut level) can be identified as follows:
Limitations of the Applied Methodology and Corresponding Changes
The main limitations of the chosen FBISP methodology as described in [2] are the following. The uncertain random information of the water inflow is modeled through a multi-layer scenario tree which is representative for the universe of water-availability conditions for the relative simple application of [2] including a hydro network with two tributaries and two reservoirs. With such a scenario-based approach, the resulting mathematical problem can become too large to be applied to large-scale real-world problems. The same problem has been mentioned among others in [12] [13] [14] [15] . Moreover, the random variables (mainly the water inflows) are assumed to take on discrete distributions, such that the study can be solved through linear programming method. However, when water resources management problems are complicated by the need to take adequate account of persistence in hydrological records, conditional probabilities may need to be handled for quantifying water availability. This may lead to non-linearity in system responses and raise major problems for the linear assumption in the developed model.
In order to understand the above-mentioned limitations, some theoretical information of the TSP are considered. The TSP problem with recourse, originating in [48, 49] , is generally nonlinear, and the set of feasible constraints is convex only under some particular distributions. However, the problem can be equivalently formulated as a linear programming model by assuming discrete distributions for the uncertain parameters [6, 50] . Then, the random vector is assumed to have a finite number of possible realizations, called scenarios, i.e., s1, s2, …, sn with respective probability masses p1, p2, …, pn with pi > 0 and  = = n i i p 1 1 . The expected value of the second-stage optimization problem can be written as the summation of the products of the values of each scenario with its probability mass. Based on this transformation, the TSP problem is expressed as a large linear programming problem forming the deterministic equivalent of the original problem. This approach has been further advanced and various techniques have been suggested in order to enable its efficient numerical solution [51, 52] . The number of the constructed scenarios should be relatively modest so that the obtained deterministic equivalent can be solved with reasonable computational effort. Let's assume that K independent random component are contained in the optimization problem (i.e., K water inflow sites) and each has three possible realizations (i.e., low, medium and high), then the total number of scenarios is 3 K . The number of realizations/scenarios of the random variables (or in case of continuous distribution the number of discretization points) typically grows exponentially with the dimensionality of the variables and therefore, this number can quickly become prohibiting for the computational capacities of modern computers. As analyzed in [53] , a common technique for reducing the number of scenario set to a manageable size is by using Monte Carlo simulation through generation of a sample x1, x2, .., xN of replications N of the random variable. Given a sample x1, x2, .., xN of replications N, the expectation function is approximated by the sample average. By the Law of Large Numbers this average value converges pointwise to the expected value as N→∞. This approach is called Sample Average Approximation (SAA) method. The SAA problem is a function of the considered sample and in that sense is random. For a given sample x1, x2, .., xN, the SAA problem is of the same form as a two-stage stochastic linear programming problem with the scenarios s1, s2, …, sn each taken with the same probability equal to 1/N.
In this work, for the application of the FBISP methodology in the Alfeios River Basin a different approach for embodying the stochastic uncertainty of multiple water inflows has been adapted based on the Monte Carlo sampling and the SAA method in order to overcome the limitations associated with the scenario-based approach. The proposed modification is based on the generation of stochastic equal-probability hydrologic realizations/scenarios as thoroughly described in [38] using the stochastic software of CASTALIA [54] [55] [56] . CASTALIA is a system for the stochastic simulation and forecast of hydrologic variables, including (a) multivariate analysis (for many hydrologic processes, such as rain, temperature and discharge, and geographical correlated locations) and (b) multiple time scales (monthly and yearly) in a disaggregation framework. It enables the preservation of essential marginal statistics up to third order (skewness) and joint second order statistics (auto-and cross-correlations), and the reproduction of long-term persistence (Hurst phenomenon) and periodicity. More specifically, an original two-level multivariate scheme was introduced, appropriate for preserving the most important statistics of the historical time series and reproducing characteristics peculiarities of hydrologic processes, such as persistence, periodicity and skewness. At the first stage, the annual synthetic values are generated based on the alternative expression of the backward moving average algorithm [57] from [54] resulting to the symmetric moving average (SMA). This modified version extends the stochastic synthesis not only backward but also forward using the condition of symmetry for the corresponding backward and forward parameters (aj = a−j). This model reproduces the long-term persistence, and has been further generalized for application to simultaneous generation of stochastically dependent multiple variables. This is achieved by generating correlated (multivariable) white noise. At the second stage, the monthly synthetic values are generated posing emphasis on the reproduction of periodicity. A periodic first-order autoregression, abbreviated as PAR(1), model is used, which has been also generalized for multi-variable simulation. The final step is the coupling of the two time scales through a linear disaggregation model [55] . A brief description of the process for the generation of fifty short-time equal-probability scenarios simultaneously for the monthly rain and temperature variables and the corresponding hydrologic simulation for the computation of the discharges at the main four subcatchments of the Alfeios river basin is included in Section 3.2 and the detailed description is given in [38] .
It is worth mentioning that the examined water resources management problem in [2] includes a relative simple hydronetwork with two tributaries with two reservoirs and three stages, ending up with a scenario-tree composed of 258 scenarios. In Alfeios River Basin, the simplified schematization of the river network, as presented in Section 3, includes 5 streams and therefore, by considering one year with monthly time step (12 stages), this results in a much more complex scenario-tree (i.e., taking into account only 6 stages of the 12 stages (6 months): 2.8 × 10 11 scenarios).
Formulation of Optimization Problem for the Alfeios River Basin

Description of the Alfeios River Basin
The Alfeios river basin has been extensively described in the past [35] [36] [37] . This section describes briefly the information for the Alfeios required for the application of the FBISP method, since the thorough analysis of the hydrosystem is included in [38] .
The Alfeios River is a water resources system of great natural, ecological, social and economic importance for Western Greece, since it is the longest watercourse (with a length of 112 km) and has the highest flow-rate (absolute maximum and minimum values recorded 2380 and 13 m 3 /s) in the Peloponnese region in Greece. The main river and its six tributaries represent a significant source of water supply for the region, aiming at delivering and satisfying the expected demands from a variety of water users, including irrigation, drinking water supply, hydropower production and to a smaller extend recreation. A plethora of environmental stresses were exerted on its river basin the last decades. It drains an area of 3658 km Beginning with the Ladhon river which is the most important tributary of Alfeios river basin draining almost one third of its total basin area, the operation goals of Ladhon reservoir are specified firstly, as the satisfaction of irrigation demand at the Flokas irrigation scheme, and secondly, as the hydropower production at HPS Ladhon, situated at around 8 km downstream the Ladhon Dam. The general operation rule is to start at the beginning of January with a minimum level of the Ladhon lake and then filling up the lake till May, in order to satisfy mainly irrigation demand. For the application of the FBISP method the upper-and lower-bounds of the optimized hydropower production target ± T (in MWh) at Ladhon (Table 1) are required. These bounds are approximated from the statistical analysis of the monthly time series of hydropower production at Ladhon from 1985 to 2011. The ranges between the mean value of the historical timeseries minus its standard deviation (lower-bound) and its mean value plus its standard deviation (upper-bound) are considered as analyzed in [38] .
Proceeding to the Flokas irrigation region, the irrigation scheme is connected to the diversion Flokas Dam, draining an area of 3600 km 2 . The irrigation water demand extends officially from May to September, whereas in most years could be further extended from April up to October due to dry climatic conditions. The present monthly irrigation water demand is composed of two parts: (a) a regulated and stable irrigation demand pattern, referring only to the required water volume releases from Ladhon Reservoir, which is derived from the official agreement between Hellenic Public Power Corporation and General Irrigation Organization for the Flokas Irrigation Area; and (b) an extra uncertain irrigation demand at Flokas Dam site based on the actual crop patterns and the water inflows at this position. The total irrigation requirements for the crop pattern of Flokas are estimated for each stochastic hydrologic scenario using the FAO software CROPWAT 8.0. For the application of the FBISP methodology the upper-and lower-bounds of the water allocation targets for irrigation in EUR/m 3 are required. The optimized water allocation target for irrigation (Table 2 ) is explored, assuming that the irrigation demand can vary between the maximum demand of the present crop pattern and the maximum demand given in the study of the small HPS at Flokas. Based on this assumption, the lower-bound of the optimized water allocation target is set equal to the maximum of all sets of irrigation water requirements for the fifty hydrologic scenarios as computed by CROPWAT for the present irrigated area and crop pattern.
The small Flokas HPS is situated directly after the diversion of water from the Flokas Dam, and is operated automatically based on the upstream water level. In this way when the river flow rate is between 9 and 90 m (Table 3 ) are required. These bounds are approximated also in this case, from the statistical analysis of the monthly timeseries of hydropower production at Flokas from 2011 to 2015. The ranges between the mean value of the historical timeseries minus its standard deviation (lower-bound) and its mean value plus its standard deviation (upper-bound) are taken into account as specified in [38] .
Finally, a monthly water flow rate of 0.6 m 3 /s for the drinking water supply system for the north and central part of the Region of Hleias is diverted from Erymanthos to the water treatment plant and then to the neighboring communities extending up to the city of Pyrgos. Due to the short operation period (starting in 2013), this water use is not incorporated in the optimization process as a variable but as a steady and known water abstraction demand.
The schematization of the Alfeios river network is depicted as shown in Figure 1 , including the main five water inflow locations, where historical timeseries (rain, temperature and river discharge) are available and the main water users as described above. 
Optimization Problem of the Alfeios Hydrosystem
The goal of this optimization problem is to identify an optimal water allocation target with a maximized economic benefit over the planning period for the Alfeios river basin. Different water allocation targets are related not only to different policies for water resources management, but also to different economic implications (probabilistic penalty and opportunity loss). The penalty is associated with the nonproper water allocation/management, and therefore, resulting to shortages and spills for hydropower and for water shortage for irrigation. The optimization problem is structured as follows:
subject to: Constraints of water-mass balance for the Ladhon reservoir:
Constraints for the minimum and maximum water volume released by turbines at HPS Ladhon:
Constraints of Ladhon reservoir capacity:
Constraints for target of hydropower production at Ladhon:
Constraints of water-mass balance for the Flokas Dam: Water availability at Flokas dam based on the upstream water inflows:
Water-mass balance at Flokas Dam:
Water-mass balance at the small HPS at Flokas:
Constraints for target of hydropower production at Flokas:
Constraints for the minimum and maximum water volume released by turbines at HPS at Flokas:
Constraints for water allocation target of irrigation at Flokas:
Constraints of upper-and lower-bounds for allocation targets:
Non-negative and technical constrains
where ± = net system benefit over the planning horizon (EUR); = time period, and t = 1, 2, …, T (T = 12); = surface area of Ladhon reservoir in period t under scenarios k1 ( ); = slope coefficient from linear regression between surface area of Ladhon reservoir and storage volume; = intercept coefficient from linear regression between surface area of Ladhon reservoir and storage volume; ± = monthly hydropower production for t = 1, 2, …, T; in period t under scenarios k1 for the water user i with i = 1, 2 corresponding to Ladhon and Flokas, respectively; ± = annual hydropower production in period t under scenarios k1 for the water user i with i = 1, 2 corresponding to Ladhon and Flokas, respectively; = slope coefficient from linear regression between hydropower production of Ladhon reservoir and water volume released through the turbines; = slope coefficient from linear regression between hydropower production of Ladhon reservoir and water volume released through the turbines; = area-based conversion factor multiplied with each stream discharge CASTALIA model is applied for the simultaneous stochastic generation of fifty equal-probability scenarios for the hydrologic variables of rain and temperature at the four considered subcatchments (Karytaina, Lousios, Ladhon and Erymanthos) having a time length of ten years (since the future WADI water and agriculture scenarios are projected ten years after the baseline scenario) and monthly time step. The stochastically simulated rain and temperature timeseries are introduced into the calibrated simple lumped conceptual river basin model ZYGOS [58, 59] for the four subcatchments in order to compute the mean monthly discharges for this ten years period. The uncertainty from the hydrologic model structure and the parametrization is taken into account through the computation of the standard error between the measured and the simulated water discharge timeseries. Based on this standard error, upper-bound water inflows timeseries for all the hydrologic scenarios (which are used in the f + model), and lower-bound (which are used in the f − model) are created. The steps of this process and the software programs used are presented schematically in the form of a flow chart in Figure 2 . The last year of each of the fifty stochastic monthly discharge scenarios (since the future scenarios refer to ten years after the baseline) serves as input inflows into the optimization model for the optimal water allocation of Alfeios river basin. The monthly discharge at Flokas Dam, which is of interest for the optimization process, since at this position the available water is diverted to the irrigation canal, is computed as the sum of the four subcatchments as described in [38] .
In the optimization problem, there are some nonlinear equations, such as the relationship between water flowing through the turbines and the hydropower energy produced. In order to introduce them into the linear programming algorithm their linear regression equations are considered. The uncertainty resulting from this simplification has not been considered in the process, but it is worth mentioning that in all cases the R A detailed analysis of the estimation of the prementioned unit benefits and penalties is provided in [38] . Briefly, based on the estimations of the Chief Engineer at Ladhon hydropower station, the upper-and lower-fuzzy-boundary intervals for the unit benefit and penalty of Ladhon are defined as given in Table 4 . The shadow penalty for the hydropower production at Ladhon is composed of two parts: (a) the penalty due to hydropower shortage in comparison to the hydropower production target and (b) the penalty for the water spilled from the Ladhon Dam (if any) and is not available for hydropower production, which intends to express the opportunity loss of hydropower energy production. Based on the monthly selling price data of Flokas HPS, its unit benefit is approximated as a single deterministic interval (and not as a fuzzy-boundary interval) as presented in Table 4 . The unit shadow penalty is approximated as a single deterministic interval and is taken equal to the upper-bound solution of the unit penalty of Flokas HPS, as shown in Table 4 . The unit benefit for water allocated to irrigation is interpreted as the probable net income from agricultural production of the Flokas crop pattern, taking into account the brutto farmer, the cost of production, the cost of the irrigation canal (associated to the water charge to the farmers from the general irrigation organization) and the organizational structure of local irrigation organizations (the charges of the local irrigation organizations). In Table 5 , the lower-and upper-fuzzy-boundaries of the unit benefit of water allocated to the Flokas irrigation scheme is provided for the baseline scenario and the WADI future scenarios. Finally, the unit penalty from the irrigation water deficits is based on the crop yield reduction and the corresponding net farmer income loss. In Table 6 the lower-and upper-fuzzy-boundaries of the unit penalties for irrigation water deficits of the Flokas irrigation scheme is provided for the baseline scenario and the WADI future scenarios (where as presented in Section 4 the World agricultural markets scenario is denoted as Future Scenario 1 (FS1), the Global agricultural sustainability scenario as Future Scenario 2 (FS2), the Provincial agriculture scenario as (Future Scenario 3-FS3) and the Local community agriculture as (Future Scenario 4-FS4) . 
WADI Water and Agriculture Future Scenarios
The Sustainability of European Irrigated Agriculture under Water Framework Directive and Agenda 2000 project (WADI) focuses on changes in EU agricultural and water policy as they affect the economic, social and environmental performance of irrigation in the partner countries [39] . Its aim was to investigate the impacts of policy change on the irrigation sector in Spain, Greece, Italy and the UK with a particular focus on Water Framework Directive (WFD) and the reform of Common Agricultural Policy (CAP). The agricultural policy regime in place in 2001, as determined by CAP at that time is taken as baseline scenario. This 2001 baseline year is used to provide a relative reference point for the definition of future scenarios. This scenario is extrapolated to 10 years after the reference year (thus from 2001 to 2010) based on predictions (rather than possibilities) of agricultural markets and prices from EU, the Organization for Economic Co-operation and Development (OCDE) and other sources. The estimates of the main parameters (Table 7) , determined for each future scenario, are used within this paper as inputs in the developed optimal water allocation model based on [2] under uncertain and vague water system conditions in order to enable the assessment of the impact of the EU agricultural and water policy changes on the hydrosystem's benefits of the baseline scenario. To provide a better understanding of the content and the philosophy of each future scenario, the four WADI agricultural and water scenarios are briefly described based on [39, 40] . World Markets scenario is related to private consumption and a highly developed and integrated world trading system. Global Sustainability scenario poses emphasis on social and ecological values associated with global institutions and trading systems. In comparison to the first scenario, slow but more equally distributed growth is considered. Active public policy and international co-operation within the European Union and at a global level are central. Provincial Enterprise scenario emphasizes private consumption within national and regional level to depict local priorities and interests. The dominance of market values is noticed within the national/regional boundaries. Provincial agricultural markets scenario is also characterized by protectionist regimes similar to that under pre-reform Common Agricultural Policy. People aspire to personal independence and material wealth within a nationally rooted cultural identity. Local Stewardship scenario is focused on strong local or regional governments with emphasis on social values, self-reliance, self-sufficiency, and conservation of natural resources and the environment. Local community agriculture scenario emphasizes sustainability at a local level. In the following tables the World agricultural markets scenario is denoted as Future Scenario 1 (FS1), the Global agricultural sustainability scenario as Future Scenario 2 (FS2), the Provincial agriculture scenario as (Future Scenario 3-FS3) and the Local community agriculture as (Future Scenario 4-FS4).
Results
In the proposed methodology, two types of solution methods, an optimistic (1st solution method, also called as risk-prone by [2] ) and a pessimistic (2nd solution method, also called as risk-adverse by [2] ), have been incorporated in order to compute the optimized water allocation targets under uncertain system conditions. The term of "risk", used to characterize these two different solution approaches, does not imply the measuring of risk with its strict mathematical definition, but the willingness of the decision makers to take the risk or not of economic penalty or of opportunity loss associated with their attitude concerning the uncertainties' values of the optimization problem as described below. According to [2] , in general, the first solution method could identify the highest system benefit, but may be, however, associated with higher risk since it is based on an optimistic anticipation for the system components. The second solution method could assist to compute a narrower interval for the system benefit with a lower risk, since it is based on a conservative anticipation for system components and constraints, but the system might lose the opportunity of achieving the highest benefit value.
The solution in terms of the objective function value (meaning the total net benefit) results to a fuzzy-boundary interval for each α-cut level and each solution method [(
composed of four options of maximized system benefits in combination with minimized probabilistic penalties corresponding to different system conditions. These four options for each solution method correspond to lower-min 
). These results (four prementioned options), however, do not necessarily construct a set of stable intervals [2] . For the Alfeios river basin considering five uncertain variables (as analyzed in Section 3.2) with fuzzy-boundary intervals and two uncertain variables with deterministic-boundary intervals (Tables 4-6), 2 5 = 32 possible combinations of the uncertain variable values/runs of the algorithm for each WADI future scenario (32 × 5 = 160 runs for all examined scenarios in total) has been undertaken based on the FBISP algorithm as proposed by [2] .
For each examined case/run (1) the optimized water allocation target for each time stage (the twelve months of the examined year), as well as for total annual (as the summation of the values of the twelve time stages); (2) the probabilistic shortages and allocations for each one of the fifty hydrologic scenarios and for each of the three water users for each time stage (the twelve months of the examined year), as well as for the total annual (as the summation of the values of the twelve time stages) and (3) the total benefits and the benefits and penalties for each of the three water users are derived. The analysis of these results is divided in two parts: (a) the analysis for the results of the baseline scenario, enabling the understanding of the optimization technique used and (b) the comparison of the results between the baseline and the future WADI water and agriculture scenarios in order to assess the effect of the EU water and agricultural policy changes in the system benefits and penalties on the baseline scenario.
Results Analysis for the Baseline Scenario
The total annual maximized net benefits of the Alfeios hydrosystem for the two solution methods are presented in Table 8 . The first solution method estimates a wider range for the objective function value (meaning the total net benefits) equal to [(96,192 , being related to a more conservative view of the uncertainties of the hydrosystem and to the incapability to derive higher benefits under favorable conditions. The interval solution can be easily interpreted for generating decision alternatives, where upper-bound (first solution method) system benefits is associated with more advantageous conditions (e.g., associated with upper-bound inflows, upper-bound benefit coefficients, lower-bound cost coefficients, upper-bound reservoirs capacities, lower-bound reserved storage requirements) while the lower-bound (second solution method) one corresponds to the demanding conditions [1] . The total annual benefits and penalties for the irrigation at Flokas, for the hydropower production at Ladhon HPS and for the hydropower production at Flokas HPS are given in Tables 9-11 . From these tables, it is shown that for the second (pessimistic) solution method the benefits are lower but also the penalties are lower in comparison to the corresponding results from the first (optimistic) solution method. In Table 12 the optimized targets of annual water volume for irrigation (m . By comparing the corresponding results of the FBISP method in this paper with the ITSP as presented in [38] , it is worth noticing that the monthly optimized water allocation target values for irrigation at Flokas are equal to the maximum possible allocation for the upper-and the lower-bound solution of the ITSP. This shows that the incorporation of the fuzzy nature of the uncertainties in the FBISP results in lower optimized water allocation target values for the lower-bound (second solution method) solution, reflecting a more analytic and fine approximation of the effect of the uncertainties on the minimum and maximum values of the boundaries of the results. Generally, the shortage of a water user (irrigation or hydropower production) is the result of the nonsatisfaction of the predefined target for the examined water use and is expressed as the difference between target value and available water. Therefore, the water allocation is given by the difference between the target value and the probabilistic shortage. The results for the annual shortage (Table 13 ) and the annual allocation (Table 14) for irrigation, as computed by the optimization algorithm from the two solution methods and for the fifty hydrologic equal-probability scenarios are presented. As shown in In Table 15 , presenting together the annual water allocation, shortage and preregulated targets for this scenario, the shortage to target ratio (%) is also introduced. From this ratio, it is indicated that the shortage is serious ranging from 12.5% to 37.6% of the corresponding target for the first solution method and from 3.4% to 28.5% for the second solution. In this case, the farmers should find an alternative water source such as pumping water from groundwater. If the farmers do not have an alternative water source (such as pumping water from groundwater or wastewater reuse), a yield reduction is highly possible, which is introduced into the objective function as a penalty for irrigation. The solutions of water shortage and allocation for the other hydrologic scenarios can be accordingly interpreted.
From the Table 15 , it is verified that for the first solution method the benefits and the optimized targets are higher with wider ranges, but the penalties are also higher and wider in comparison to the corresponding results from the second solution method, since the two solution methods are associated with different risk attitudes of the decision makers considering system uncertainties. They drive the results of the optimization algorithm to different solutions in terms of target, shortage and allocation. The shortage intervals can be low under favorable system conditions and high and critical under demanding conditions as in the case of irrigation for the hydrologic scenario 19. Additionally, in Tables 13 and 14 the best/worst case results are provided in order to enable an evaluation of the system capacity to fulfill the preregulated goals. These results, however, do not necessarily construct a set of stable intervals [2] . In Table 16 the optimized annual target of the hydropower production at the small hydropower station at Flokas Dam are provided. It is worth noticing that this optimized annual target remains unchanged and equal to 19,828 MWh for all WADI scenarios as well as for both solution methods, constituting a robust value. By comparing the corresponding results of the FBISP method in this paper with the ITSP as presented in [38] , it is worth noticing that the optimized annual hydropower target at Flokas HPS are the same for both optimization methodologies. The corresponding monthly optimized targets of the hydropower production at Flokas Dam in comparison to the maximum allowable ones are given in Table 17 . These optimized target values are the same for both solution methods. From this table it is observed that for all months the optimized targets are equal to the maximum ones except of May and June, for which the optimized target values are 1.8% and 0.5%, respectively, below the maximum values. Similar results are derived also from the ITSP method with the difference that the corresponding ratios are higher with 11% and 1% for May and June, respectively.
From Table 18 in MWh for the baseline scenario. The maximum annual allowable target value for hydropower production at Ladhon has been set equal to 301,890 MWh. Based on this and by comparing the results from the two solution methods, it is concluded that the optimistic solution method results into a much higher optimized target interval (ranging from 91% to 97% of the maximum allowable value = 301,890 MWh), and the pessimistic solution method results into a significant lower target interval (ranging from 60% to 66% of the maximum allowable value).
In Table 19 , the corresponding minimum and maximum monthly optimized targets of the hydropower production at Ladhon HPS in comparison to the maximum allowable ones, as derived from the first solution method, are provided. From this table it is observed that for the hydropower production at Ladhon, the monthly optimized hydropower production target values are equal to the maximum allowable values, as derived from the first solution method, for all months except for July (from 83% up to 93% of its maximum value), September (from 45% to 93% of its maximum value), October (from 43% up to 73% of its maximum value) and November (from 80% to 84% of its maximum value). In Table 20 , the corresponding minimum and maximum monthly optimized targets of the hydropower production at Ladhon HPS in comparison to the maximum allowable ones, as derived from the second solution method, are provided. From this table it is observed that for the hydropower production at Ladhon, the monthly optimized hydropower production target values deviate from the maximum allowable values for all months within a range of 47% up to 94% of their maximum values. Therefore, it is obvious that when the lower-bound water inflows (see the description for the incorporation of the uncertainty of the rainfall-runoff model in Section 3.2) are used at the first step of the algorithm, which corresponds to the process of the second solution (pessimistic) method, representing the unfavorable (demanding) hydrologic conditions, the optimized targets for the monthly hydropower production at Ladhon are significantly lower in comparison to the ones resulting from the first solution method.
By comparing the corresponding results of the FBISP method in this paper with the ITSP as presented in [38] , it is worth noticing that from the ITSP method the optimized monthly hydropower target at Ladhon HPS are equal to the maximum allowable values as derived from the first solution method for all months except for July (60% of its maximum value), September (67% of its maximum value), October (from 23% of its maximum value) and November (from 58% of its maximum value). The four months with the deviations from the maximum allowable values are the same as the ones derived by the first solution method of the FBISP. The only difference is that the optimized targets from the ITSP are lower. Also in this case, the FBISP method provides a more detailed overview of the intervals for the optimized targets.
From the optimized targets of the three main users, as analyzed above, it can be concluded that the highest priority for water allocation is set to irrigation, since it has the highest unit benefit, but at the same time also the highest unit penalty. The next priorities are given to hydropower production at Flokas and finally to the hydropower production at Ladhon, which has the smallest unit benefit.
In Figure 3 and in Table 21 , the interplay between the optimized total targets in m Figure 3 . Interconnections between total net benefit and optimized total target for the four options and for both solution methods. Table 21 . Interconnections between total net benefit and optimized total target for the four options and for both solution methods. 
Results Analysis for the Baseline and the Four Future Scenarios
The four WADI future scenarios represent four different possible water and agricultural policy alternatives in comparison to the baseline scenario, which may have an impact on the optimal water allocation. The differences between the future scenarios include among others, changes of hydropower energy prices, water prices, selling prices of the agricultural products, yield functions, subsidies, farmer income variable costs, labor, and fertilizers. Since the uncertainties of water availability, water demand, benefits and costs associated with probabilistic water allocations and shortages are incorporated in the optimization algorithm, it is very interesting to investigate also the effect of the various water and agricultural policies on the water allocation targets and on the corresponding maximized system benefits.
The optimized total annual water allocation target, derived by the addition of the water allocation targets of the three examined water uses, for all WADI scenarios is given in Table 22 . For comparison reasons the ratio of these targets for each future scenario to the baseline target (%) is also shown. From these ratios (99.3% up to 100.5%) it is concluded that the optimized total annual water allocation targets for the various alternative water and agricultural policies compared to the baseline are only slightly affected. By applying the ITSP method in [38] , the optimized total annual water allocation targets are exactly the same for all four WADI future scenarios. Even though the quantitative changes of these target values are relatively low, in the case of the application of the FBISP method the consideration of the fuzzy nature for some of the uncertain variables results in different water allocation targets revealing a more complicated structure of the results.
The total annual maximized net benefits of the hydrosystem in EUR and their ratios of the four future scenarios to the baseline are presented in Tables 8 and 23 , respectively, for all scenarios and for the first (optimistic) and second (pessimistic) solution method. It is obvious that the highest increase of these benefits is observed for the Local Stewardship scenario (FS4) ranging for the first solution method from 45.5% up to 65.9% and for the second solution method from 46.2% to 66.1%. The only decrease of the net benefits compared to the benefits of the baseline scenario occurs for the World Market scenario (FS1) for both upper-(f + ) and lower-(f − ) intervals of both solution methods up to 20%. The statistical analysis of these optimized total annual net benefits from the various runs (combinations of the uncertain variables values) is provided in Figure 4 for the baseline and the four future scenarios through the use of box plots for Alfeios River Basin in Western Greece. It is worth mentioning that for the Local Stewardship scenario (FS4) not only the highest total net benefits are derived, but also the widest intervals ranges. On the other hand, the baseline scenario has the narrowest upper-and lower-bound intervals.
Since the WADI scenarios focus mainly on the effects of the agricultural policy changes on the irrigation sector, it is worth examining separately the changes between the scenarios of the annual net benefits of water allocated to irrigation, which represent the agricultural income. From Table 24 the highest reduction of the agricultural income (net benefit of irrigation) compared to the baseline scenario is observed in the lower-bound (f − ) interval for both solution methods of the World Market scenario (FS1) (from 65.5% up to 69.80% farmer income reduction compared to the baseline scenario). The corresponding upper-bound intervals for this scenario drive to a small increase of agricultural income ranging from 1.2% to 11.4% compared to the one for the baseline scenario. These results are similar and compatible with the corresponding ones from the application of the ITSP method in [38] . More precisely, the highest increase of the total system benefits is also observed for the Local Stewardship scenario ranging from 52% to 59% and the only decrease occurs for the World Market scenario (9%-24%). The above mentioned reduction of the agricultural income can be explained by the fact that in the World Market scenario the highest decrease of selling prices and a significant increase of the prices of most of input variables for agriculture (pesticides, seeds, water price, etc.) in comparison to the other scenarios is noticed. Moreover, for most of the crops cultivated at Flokas Irrigation scheme, the presence of area subsidy plays a balancing role for the positive sign (profit) of the agricultural income. In this scenario, no subsidies are provided to the farmers. This fact in combination with the existence of mainly small agricultural units, mainly family farms, renders this agricultural region and Greece in general into weak competitor to bigger and stronger economically agricultural markets, such as U.S.A. or Brazil. Through this analysis, the importance of a balancing area subsidy for economically sensitive agricultural products for the Greek market is verified. The globalization and the liberalization of the agricultural market in combination with the different orientation of the new CAP reform 2014-2020 pose great challenges for the Greek farmers for modernization and increased agricultural and technical expertise.
Finally, as already mentioned in the general analysis of the four future scenarios, moving from Global Sustainability towards Local Stewardship the agricultural income and the net benefits in general, increase ( Figure 5 ). In Local Stewardship scenario, where the focus is on strong local or regional governments with emphasis on social values, self-reliance, self-sufficiency, and conservation of natural resources and the environment, the highest agricultural income is derived and more specifically an increase of 33.5% to 111% compared to the baseline scenario is noticed. Table 23 . Total annual net benefit (EUR) of the four future scenarios as ratio of the baseline (%). 
Discussion and Conclusions
In this present study, an optimization technique named fuzzy-boundary interval stochastic programming and developed by [2] , which incorporates the most important types of uncertainty (possibilistic, probabilistic and interval), is chosen and applied for optimal water allocation under vague and fuzzy conditions within the Alfeios river basin in Greece. After the analysis of the methodology for water resources management under uncertainty as developed by [6] , where an inexact two-stage stochastic programming with deterministic-boundary intervals has been applied into Alfeios [38] , the optimization algorithm by [2] has been chosen because it proceeds a step forward by embodying interval-parameter programming, fuzzy vertex analysis, and multistage stochastic programming techniques. More precisely, it can handle uncertainties expressed as probability distributions and fuzzy-boundary intervals, since the lower-and upper-bounds of some intervals may rarely be defined as deterministic values, and they may be fuzzy in nature. The related probability and possibility information can also be included in the solutions for the objective function value and decision variables. The risk attitude of the decision-maker is considered by [2] solving the algorithm through two different processes for a risk-adverse (pessimistic) and a risk-prone (optimistic) attitude of the decision makers. The term "risk", used to characterize these two different solution approaches, does not imply the measuring of risk with its strict mathematical definition, but the willingness of the decision makers to take the risk or not of paying higher penalties in case of selecting the optimistic solution under demanding (unfavorable) conditions or receiving lower benefits in case of selecting the pessimistic solution under favorable conditions.
To the best of our knowledge, this application in the Alfeios river basin is the first application of the proposed methodology by [2] to a real and complex multi-tributary and multi-period water resources system for optimal water allocation, although other hybrid methods with similar concepts have been applied to real-world hydrosystems (i.e., [13, 15] ). The Alfeios river basin in Greece has been selected because it is characterized by uncertain and limited data required for optimal water allocation, which is also a common problem in many countries including the Mediterranean countries. Authority responsibility relationships are fragmented, fact that leads to the difficulty of gathering the necessary data or even worst to data loss. In some cases, river monitoring, if present, is either inefficient with intermittent periods with no measurements, or due to low financial means the monitoring programs are short and with small number of personnel leading to unreliable or/and short-term data. In this case the only sources of obtaining hydrologic, technical, economic, and environmental data required for water resources management is by periodic measuring expeditions, indirectly by expert knowledge or by informal knowledge by local population, or by more general data concerning a wider geographical location (i.e., country level) from national, European or international databases. Data of this type with a high degree of uncertainty can be defined as fluctuation ranges and therefore simulated as intervals with lower-and upper-bounds either as deterministic values or as fuzzy without the need of distributional or probabilistic information.
The benefits and penalties of the main water users are studied and analyzed through investigation of technical, environmental and socio-economics aspects within the framework of the four WADI water and agricultural future scenarios. Consideration of the hydropower energy market of Greece, crop patterns, yield functions, subsidies, farmer income variable costs, market prices per agricultural product and fertilizers are taken into account for the valuation and the estimation of the hydropower energy and irrigation benefits.
According to [2] , the proposed methodology handles uncertainties through constructing a set of scenarios (scenario-tree) that are representative for the universe of water-availability conditions for two tributaries. With such a scenario-based approach, the resulting mathematical programming model could become too large to be applied to large-scale real-world problems. Moreover, the random variables (i.e., water inflows from two tributaries) are assumed to take on discrete distributions and to be mutually independent, such that the study problem can be solved through linear programming method. However, conditional probabilities need to be handled for quantifying water availability, particularly for a multi-stream and multi-reservoir system. This may lead to non-linearity in system responses and raise a main challenge for identifying global optimal solution.
An alternative approach to these limitations of the FBISP methodology is proposed by incorporating the water inflow uncertainty through the simultaneous generation of stochastic equal-probability hydrologic scenarios for stochastically dependent multiple variables at various locations of water inflows in the river basin. This is enabled by using CASTALIA software for stochastic simulation and forecast of hydrologic variables, combining not only multivariate analysis (for many hydrologic processes and geographical correlated locations) as well as multiple time scales (monthly and yearly) in a disaggregation framework. This software permits the preservation of essential marginal statistics up to third order (skewness) and joint second order statistics (auto-and cross-correlations), and the reproduction of long-term persistence (Hurst phenomenon) and periodicity. In this application twelve time stages, one for each month of the examined year have been used (whereas in [2] only three stages have been considered) and fifty equal-probability hydrologic scenarios (whereas in [2] 258 scenarios should be taken into account for only three stages). By increasing the number of the generated equal-probability scenarios, the accuracy of the results also increases. But it is worth mentioning that an increase of the time stages to more than 12 (i.e., in 24 stages for a 2 years analysis), would mean that 24 × 50 = 1200 probabilistic values for shortages and allocations should be analyzed. This would make the analysis of the results very complicated, setting also a matter of use of this methodology to a more complex time horizon. From the analysis of the results, it is clear that due to the space limitations, the monthly results cannot be presented in tabular form and analyzed as thoroughly Finally, in terms of the results from this methodology, the goal of this technique is from one side to identify the optimized water-allocation target with a minimized risk of economic penalty and opportunity loss, and from the other side to determine an optimized water-allocation plan with a maximized system benefit over a multi-period planning horizon. Fuzzy upper-and lower-bound intervals (expressing the effect of the embodied uncertainties) for the optimal water allocation targets and the probabilistic water allocations and shortages as well as the total benefits for the main water uses are identified. The results show that variations in water-allocation targets could express different strategies for water resources management and thus produce varied economic implications under uncertainty.
The major results through the application of the FBISP method to optimal water resources allocation in the Alfeios River Basin are the following:
(1) The monthly optimized water allocation target values are: (i) for irrigation for the upper-bound model (f + ) the same for both solution methods and equal to its maximum possible value; for the lower-bound model (f − ) are higher for the first solution method with much wider ranges between the minimum and the maximum value compared to the ones from the second solution method; (ii) for the hydropower production at Ladhon equal to the maximum allowable values for all months except for July, September-November for the first solution method; deviate from the maximum allowable values for all months for the second solution method; and (iii) the maximum possible allocation for all months except May and June for the hydropower production at Flokas. From the optimized targets of the three main users, as analyzed above, it can be concluded that the highest priority for water allocation is set to irrigation, since it has the highest unit benefit, but at the same time also the highest unit penalty. The next priorities are given to hydropower production at Flokas and finally to the hydropower production at Ladhon, which has the smallest unit benefit.
(2) The optimized total annual water allocation targets for the various alternative water and agricultural WADI policies compared to the baseline are only slightly affected, since the main impact of these scenarios is on the net system benefits. Based on the comparison of the total system benefits from the four future scenarios to the baseline, the highest increase is observed for the Local Stewardship scenario and the only decrease for the World Warket scenario.
(3) For irrigation, in most hydrologic scenarios, annual water shortages are zero, since the water allocation is equal to the optimized water allocation target. There are only a few hydrologic scenarios with nonzero shortages, for which, if the farmers do not have an alternative water source, a yield reduction is highly possible. These shortages occur in August and September, which can be justified by the low flow rate at Flokas Dam for these two months in combination with the increased irrigation demand. On the other hand, the hydropower production at Ladhon and Flokas in most hydrologic scenarios deviates from the optimized target, therefore resulting in nonzero annual shortages for both hydropower stations. For the hydropower production at Ladhon, the highest shortages take place from January-April (with the highest in March), since in order to satisfy completely the most important water use, that being irrigation (starting mainly from May), the water volume flowing into the Ladhon Reservoir from December-April should be stored and not released. A conflict between the two uses for this time period is observed. For the hydropower production at Flokas, the highest shortages occur during the irrigation period from June-October (with the highest in October), showing a conflict between the two uses. The small HPS at Flokas is only set in operation after the satisfaction of irrigation demand, driving toward water shortages for these months if the available water at Flokas Dam is not adequate.
(4) By comparing the corresponding results of the FBISP method in this paper with the ITSP as presented in [38] , it is worth noticing that the results are consistent and compatible but it can be concluded that the incorporation of the fuzzy nature of the uncertainties in the FBISP results in a more analytic and fine approximation of the effect of the uncertainties on the minimum and maximum values of the boundaries of the results providing also a more complicated structure of the results.
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